
LUNAR SAMPIX ANALYSIS, SUHFACE ACOUSTIC 

WAVE STUDY OF LUNAR MATERIAL 

F i n d  Report 

28 Februaq 1972 

CONTRACT EUTBER llAS9-11542 
G E N E W  ORDER 509 

Prepared for 

NASA Manned Spacecrzft. Center 
Science Appli cat i o m  Direct or a t  e 
Attn:  J. W. Zarris, Mail Cede TA 
For: Contract 1;,289-115b2 
Houston, Texas 77058 

B. R.  Tittromn 
Pr inc iFa l  InvesLigator 

(NASA-CR-147652) LUNER SANPLE AIALYSIS, 
SURFACE ACOUSTIC WAVE S T U D Y  O F  LUNAR 
M A T E B I A L  F i n a l  Report  (North American 
Rockwell Corp.) 27 p 

N 76-7389 2 

Unclas  
Q0/98 27789 



ELASTIC VELOCITY AND Q FACTOR AWSTJR-TS ON 

,APOLLO 12, 14,  AND 15 ROCKS 

B. R. Tittmasn, 14. Abdel-Gawad, and R. M. Bousley 

Horth American Rockwel.1 Science Center 
Thousand Oaks, California 91360 

Abstract 

The Rayleigh wave ve loc i t ies  were measured i n  one Apollo 12, 

' one Apollo 15, and two Apollo 1 4  rocks by the impulse technique. 

For 14310 vR = 1.20 km/sec; for 14321 

on which the  or ientat ion dependence w a s  studied, vR = 1.16 - 1.26 

km/sec; for 15555 vR = 0.32 km/sec; and fo r  synthetic rock 10017 

vR = 0.9 km/sec; for 12063, 

analogue vE = 2.26 km/sec. This represents a la rger  spread by a 

fac tor  of th ree  than previously reported on lunar igneous rocks. 

Absolute Q factor  measurement were performed on one Apollo 14 rock 

.- 

by t h e  vibrat ing bar technique. For 14310 Q 7 C  at STP, Q w 10 

i n  w a t e r  vapor, Q - 150 at  5 x 10 

at 5 x lo-' mm of Hg and T = -180OC. 

-8 mm of Hg and T = 25OC, and Q = 800 

Thus the  &-factor i s  shown t o  

increase under exposure to high vacu-m and low temperP;tures towards 

values a2proaehing the  low end of t he  range of seismic values (Q = l000). 
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I. Introduction 

In  this paper, veloci ty  and Q f ac to r  measurements are presented 

which were made on Apollo 12, 1 4  and 15 returned lunar rocks 12063.96, 

14321.211,14310.86, and 15555.90. 

E a r l i e r  e l a s t i c  property measurements on returned lunar  samples 

showed anomalous values with respect t o  corresponding values known 

f o r  t e r r e s t r i a l  rocks. Unexpectedly low ve loc i t ies  were dbserved f o r  

Apollo 11 rocks (Schreiber e t  al. , 1970; Kanamori e t  al. , 1970) and f o r  

Apollo 12 rocks (Kanamori e t  a l . ,  1971; Wang e t  a l . ,  1971; Tittmann and 

Housley, 1911; and Warren e t  al., 1971). 

served i n  our recent measurements on Apollo 14 samples, and an unusually 

low veloci ty  has now been observed on Apollo 15 igneous sample rock 

15555. The present invest igat ion includes coxparisons w i t h  t e r r e s t r i a l  

rocks and synthetic analogues of lunar rocks, s tudies  of microfractures 

This sane t rend is again ob- 

by t he  scanning electron microscope, correlat ions between microfracture 

or ientat ion and Rayleigh wave anisotropy, and e l a s t i c  measurements under 

conditions varying from rock saturat ion with a l i q u i d  t o  high vacuum. 

Q values deduced from lunar  seismic data are known .to. be anomalously 

high ( Q  

lunar re turn  samples. 

(Kanamori e t  al., 1970) and for Apollo 12 rocks (Warren e t  al. , 1971; 

and Wang e t  e l . ,  1971). Similarly low Q fac tors  were observed i n  our 

measurement on an Apollo 14 sample at  standard temperature and pressure 

(STP). 

under exposure t o  high vacuua and low temperatures towards valces appoaching 

t h e  low end of t he  range of’ seismic values. 

1000-3000) i n  comparison w i t h  t he  Q fac tors  measured fo r  t he  

Low Q fac tors  were observed fo r  Apollo 11 rocks 

Zowever, we show here t h a t  t he  Q fac tor  can be made t o  rise strongly 
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11. Velocity Measurements 

A. Sumnary of Experimental Results: 

Rayleigh wave group veloci ty  measurements were performed on portions 

of lunar  rocks 12063, 14310, and 15555 as w e l l  as on a synthetic analogue 

of lunar rock 10017. The results are presented i n  Table I together with 

some additional da ta  from t h e  l i t e r a tu re .  

Table I 

Rayleigh Wave 
Sample Velocity (km/sec) Comments 

12038 0.97 - 1.45 Granular basa l t  (Tittmann and Housley , 1971) 
12063 0.94 - 1.26 D i  abase 

14310 1.20 B a s a l t  

14 321 0.90 _+ 0.15 Matrix material of breccia 

15555 0.28 - 0.34 Olivine basa l t ,  highly fractured 

10046 - 0.7 (ea le . )  Micro breccia (Anderson e t  d., 1970) 
Synthetic Analogue 

Te r re s t r i a l  
Basalt 2.97 - 3-15 Augite basal t  with strong flow st ructure  

Basalt, analogue of lunar rock l O O l ’ r  - . . - . _ _  - .  - - .  _ _  of 10017 2.21 - 2.26 

Most of the  measurements vere performed by t h e  impulse technique 
( T i t t m a m  , 1971) which uses c e r d c  piezoelectric traisducers as  trans- 
mitter and receiver,  both placed on one flat surface of a rock. The trans- 
ducers are separated from the  rock by th in  so f t  aluininum f o i l s  which serve 
as acoustic bonds coupling the  acoustic energy between transducer end rock. 
A 0.1 usec wide voltage pulse applied t o  the  t r ansn i t t e r  produces an 
Ezcoustic impulse which t r ave l s  rad ia l ly  outward on the  surface with the 
Rayleigh wave group velocity m d  i s  detected some distance away by t h e  
receiver. In  the measurements t h e  d i s tmce  between the  two transducers 
i s  varied giving rise t o  changes i n  the s i s a l  a r r i v a l  t i m e  of the  Rayleigh 
wave pulse. 
and synthetic analogue of rock lCOl7. The slope of t he  l i n e s  through t he  
data  points give the absolute group veloci t ie3 independent; of my inac- 
curacies i n  the absolute posit ion or signal  a r r i v d  time determinations. 
Spectrum analysis of t he  received signal gave a m c x i m u m  at a frequency of 

scat ter ing by the  coarse grains i n  t h i s  rock. 

Figure 1 i s  a plot  showing sample data. on rocks 14310, 15555, 

the  f ine  grained rocks. For rock 15555 -the major frequemy 
Ped t o  about 700 kHz suggesting the presence of extensive 
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B. Discussion: 

The lunar  ssmples, with the  exception of 14321, are igneous rocks 

of competent, cy r s t a l l i ne  composition. Lunar rocks 14310 and 12063 have 

ve loc i t ies  which are  lower by a fac tor  of as much as th ree  from those 

typical ly  measured i n  terrestrial basal ts .  

of basa l t i c  flow from northern California gave 2.97 - 3.15 km/sec f o r  

O u r  measurement on a sample 

comparison. A similar difference w a s  observed with bulk waves (Wag 

-* e t  al ' 1971; Warren e t  a l . ,  1971; and Kanamori e t  ai., 1971) and has 

been e q l a i n e d  as being due t o  the  presence i n  lunsx rocks of unf i l led  

micro-fractures. 

from measurements of Warren e t  al .  (1971) and assuming that  the phase 

and group velocity vectors are co-linear (Daniel and D e  Klerk, 1971), w e  

calculated the Rayleigh wave veloci ty  from the expressions given by 

Mason (1958) .  

and thus t en3  t o  be higher than those measured by us d i r ec t ly ,  although the  

difference i s  s m a l l  compared t o  the  t o t a l  range of bulk ve loc i t ies  reported 

thus f a r .  

Using the  density. and e l a s t i c  constants f o r  rock 12063 

The calc-dated vcloci ty  values r a g e  from 1.27 t o  1.64 !m/sec 

In contrast ,  petrological  s tudies  of rock 14321 by Dmcan e t  al. 

(1972), Warner (1972), Swann e t  .al. (1971) and the  LSPET (1971) indicate  

tha t  rock 14321 has had a complex and multistage formational his tory,  

and i s  pa r t  of a group of moderately thermally recrys ta l l ized  p o l r n c t  

breccia. Ydcroscopic examinat;.on of oill: sample 14321.211 suggests that 

it is a micro breccia of l o w  coherence. Because of t h e  sample f r i a b i l i t y ,  

measurements could not be made i n  the  nornal manner but estimates of the  

velocity were obtained by the  t i m e  of f l i g h t  method giving the value of 
-_ 



0.9 km/sec. 

agreement with t h a t  calculated fo r  another micro breccia, rock 10046, 

This  value is s l igh t ly  higher than but i n  approximate 

from bulk wave data  of Anderson e t  al. (1970). 

(a) Rock 12063: O u r  previous measurercents (Tittmenn and Housley, 1971) 

of the  Rayleigh wave group velocity on lunar rock 12038 and bulk wave 

data reported by W m g  e t  al.  (1971) and Warren e t  al. (1971) suggest 

changes of velocity with propagation direction. This was checked by 

measuring the r e l a t ive  changes i n  signal a r r iva l  time systematically 

as a function of angle at  fixed transducer separation on one surface of 

a cube about 2 cm on an edge cut from rock 12063. 

the  propagation direction and one smple edge taken as reference was in- 

creased, a systematic r i s e  in  velocity was observed for  low angles fol-  

As the angle 8 between 

lowed by a decrease and leveling out of the velocity a t  higher angles. 

This r e su l t  is shown i n  the so l id  l i n e  i n  Pig. 2. Polished section 

opt ica l  microscopic examination of rock 12063 showed tha t  microfractures, 

vesicles and ilmenite blades tend t o  be preferent ia l ly  elongated i n  the 

direct ion.10 < 9 <25', which gave higher velocity values. The t o t a l  change 

i n  velocity amounted t o  9%. Measurements of the firzear compressibility of 

Apolfo 11 samples by Anderson e t  a l .  (1970) showed anisotropy at low pres- 

sure which they also sugges+,ed a r i s e  from a preferentie3 orientation of 

microfractures. We mapped the surface of 12063 by the scanning electron 

microscope at magnifications from about 50 to 500 ,  and fo-ad tha t  on a 

s t a t i s t i c a l  basis  the microfractures showed a preferred orientation i n  

the direct ion in  which the  velocity w a s  highest. Figures 3a, 3b and 3c 
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show sample micrographs of a s m a l l  portion of the surface. The width of 

the microfractures observed ranged from 0 .001to  0.3 mm with most of them 

about 0.01 mm i n  width. 

f ractures  ranged from 5 t o  15% of t he  t o t a l  surface area. 

A rough estimate of t he  surface area of micro- 

Therefore it 

would appear t ha t  one contribution t o  the  velocity anisotropy may be a 

resu3.t o f t h e  material  being more compliant f o r  s t resses  perpendicular t o  

t h e  fractures.  Thus, i f  there  is  an anisotropy in  the dis t r ibut ion of 

f racture  directions,  one may expect an anisotropy i n  the compliance and 

therefore i n  the velocity of sound. 

the  e f fec t  of microfractures on the velocity,  the  sample was saturated 

with a l o w  surface-tension f lu id ,  reagent' grade ethanol, and the  velocity 

In  an e f fo r t  t o  shed more l i g h t  on 

monitored as the  alcohol was allowed t o  leave the sample by evaporation 

and then by evacuation t o  1 0  

decreased from 1.61 t o  1.26 km/sec with B net chmge of 25%. This resl-rlt. Cemn- 

s t r a t e s  t h a t  t he  presence of microfractures and t h e i r  degree of f i l l i n g  

can have a pronounced ef fec t  on the  velocity of Rayleigh waves. 

-8 mm of Hg. As shown i n  Fig. 4a, the velocity 

Since our sample 12063 was i n  the form of a cube, three of Those 

faces were smooth enough fo r  Rayleigh 'iuTave measurements, the  nieaswements 

described above were extended t o  the  other faces t o  t e s t  the uniformity 

of the  sample through i t s  thickness. Table I1 present velocity values 

obtained along various directions and faces on the cube (See Fig. 2 fo r  

reference. ) 



Tabla I1 

Direction 

X 

Y 

z 

X' 

Y' 

Velocity 
Face (km/sec) - Comments 

(1) 1.23 
(1) 1.15 path contains pronounced 

(3)  0.91 
(- 0.3  mm wide at surface) 

(2) 1.00 

(2) 1.23 -- 

Also measurements w e r e  performed on each of two orthogonal cube faces 

w i t h  the  two transducers moving p a r a l l e l  at a constant separation of 

about 9.5 mm across the  e n t i r e  face. Ident ica l  values of arrival t i m e  

would have been expected f o r  a uniform sample. In f ac t ,  var ia t ions of 

up t o  about 3% were observed f o r  about 1 cm travel. 

i n  Fig. 2 shows the  var ia t ion of velocity w i t h  angle on the face opposite 

The dashed l i n e  

t o  t h a t  corresponding t o  the s o l i d  l i ne .  Although the  widths and angular 

posit ions of the velocity peaks a re  not ident ica l  t h e i r  resemblmce sug- 

gests  t h a t  t he  or igin of the  anisotropy i n  the  surface velocity values 

a r i s e s  a t . l e a s t  i n  pa r t  from inhomogeneity trends which extend through- 

out t h e  en t i r e  sample. Any interpretat ion l inking these observations 

with la rge  scale  trends m m t  await t he  study of many samples, so t h a t  

effects caused by loca l  inhomogeneities can be eliminated. 

(b) 

insight  i n t o  the  source of microfractures and t h e i r  influence on the 

Rayleigh wave velocity,  we studied a synthe-tic analogue of rock 10017, 

a lunar basalt whose Rayleigh wave velocity vR FZ 0.95 - 0.97 km/sec we 

calculated from bulk wave data (Anderson e t  de. , 1970). 

Synthetic Analogue of Lunar Rock 10017: In  an e f fo r t  t o  gain more 

On the scmning 
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electron microscope the  synt3etic rock showed considerably fewer micro- 

fractures (Fig. 3c) than e i t h e r  t he  lunar rock 10017 itself (Anderson 

. -* e t  a , l  ' 1970). o r  our lunar rock 12063 (Fig. 3a, 3b i&d 3c)* The Raylei@ 

wave veloci ty  values measured on the  synthetic rock were f 

respondingly high, i .e. v = 2.21 - 2.26 km/sec, a factor  of more than two 

higher than those calculated from bulk wave veloci t ies .  Therefore it 

seems probable t h a t  microfractures other than those introduced during 

R 

t he  process of cooling from the  m e l t  contribute s ign i f icant ly  t o  the  re- 

duced ve loc i t ies  of lunar  samples. Next the  synthet ic  rock w a s  subjected 

to thermal cycling i n  order t o  determine whether the  diurnal temperature 

var ia t ion on the lunar surface has any significant; e f f ec t  on the  number of 

microfractures. The sample w a s  cycled 2600 t i m e s  between 3OO0C and -2OOOC 

with the  temperature decrease i n  the cycle being accomplished by a rapid 

quench. However, petrographic examination showed no detectable change i n  

the  dis t r ibut ion,  density, o r  s i ze  of microfractures. These experiaents 

suggest that  t he  diurnal cycling alone cannot account fo r  t h e  presence 

of microfractures, but ra ther  t he  inore intense thermal and mechanical 

shocks associated w i t h  meteoric impact, as has been suggested by Baldridge 

and Simons (1971) or by high temperature subsolidus thermal cycl.ing 

(Wmg e t  al. 1972) 

veloc i t ies  observed i n  the sysnthetic rocks may be representative of 

From the  above studies it seems probable that  t he  

ve loc i t ies  i n  lunar basalts which have not been fractured at  or n e a r  

t he  lunar surface. 
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(c) Lunar  Rock 15555: Velocity data  collected on 15555 were obtained 

.on many locations on different  sample faces, and f e l l  i n t o  the  range 

0.28 - 0.34 km/sec (Tittmann e t  al., 1972). 

four t i m e s  lower than those observed on lunar igneous rocks measured 

previously, and less than half those obtained on lunar breccias, as shown 

i n  Table I. 

These values are three t o  

Time of flight measurements of  the  bulk longi t  

velocity a l so  gave low values, i.e. v sv. 0.9 - 1.2 km/see. Although these P 

values are approximate they appear t o  be somewhat higher than what would 

be. expected from the  observed Rayleigh wave veloci ty  f o r  an assumed density 

of p = 3.1 gm/cm 

showed t h a t  15555 i s  a coarse grained ol ivine basal t  with i r regulzr ly  

3 a d  Poisson's r a t i o  of u zs 0.23. Microscopic examination 

dis t r ibuted vugs. Although the  rock i s  highly fractured (see Fig. 3d and 

3e) it shows l i t t l e  evidence of severe shock metamorphism. 

t o  make t h e  Rwleigh wave veloci ty  measurements on the  more massive portions 

Care vas taken 

of  the  rock where the vugs were sparsely dis t r ibuted and did not exceed 

about 0.1 mm i n  size.  The sample appertrs coherent and cmpetent i n  

normal laboratory handling m d  it i s  believed that  our values probzbu 

represent i n k i n s i c  properties.  

The existence of a very low e l a s t i c  wave veloci ty  i n  t h i s  generally 

competent, igneous rock indicates  t h a t  t he  existence of a thick,  low 

velocity zone near the  lunar surface does not necessarily require Dostu- 

l a t i n g  t h e  existence of a th ick  layer  of fines on the  moon's surface. 
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F i e l d  observations (Swann e t  al. , 1971) have concluded th&t  the regol i th  

i n  Stat io= 9a at the  Hadley R i l l e  r i m  at  which the  ssmple was col lected 

is very t h i q  o r  absent and t h a t  most of the samples collected i n  t h i s  - 
area are probably representative of the  l o c a l  bedrock exposed at t h e  r i l le 

r i m .  

exact source of rock 15555. 

as typ ica l  of t h e  porphyrit ic o l iv ine  basa l t s  and s i m i l a r  i n  t h i s  respect 

t o  15535 which is  judged most cer ta in ly  representative of t he  behock.  

Thus t h e  assumption t h a t  15555 may have been derived from the  upper par t  

of volcanic bedrocks exposed i n  the v i c in i ty  of the Hadley R i l l e  seems 

jus t i f i ed .  

l o w  veloc i t ies  measured on t h i s  igneous rock should be taken in to  consider- 

a t ion i n  the interpretat ion of t h e  low seismic ve loc i t ies  observed i n  the  

upper layer  of the  lunar surface. 

From the  discussion by Swam et  al. (1971) we are not sure of the  

However, t h i s  rock i s  c l a s s i f i ed  (LS 

If t h i s  conclusion is borne out by fur ther  s tudies ,  the  unusually 

I 

111. Q-Factor Measurements 

A. Introduction: 

The impulse technicue w a s  a l s o  used t o  measure r e l a t ive  changes i n  

values f o r  t he  Rayleigh wave attenuation by 

recording the  change i n  t he  amplitude of t he  received s igna l  a s . a  function 

of environmental changes. I n  previous experiments (Tittnzann and Housley, 

1971), substant ia l  r e l a t ive  chmges i n  Rayleigh wave mpli tude had been 

observed i n  rock 12038 when the absolute air  pressure was changed from 

1 atmosphere t o  6 x m a  of Hg. The amplitude increased by a t o t a l  of 

25% as the  pressure w a s  reduced w i t h  most of the change occurring between 



between one atmosphere and 1 mm of  Hg. In  tests where the  sample w a s  

previously outgassed, then pressurized with dry nitrogen gas, t h i s  

change between atmospheric pressure and 1 m of Hg was  absent. This 

result i s  s i m i l a r  t o  t h e  r e s u l t s  obtained i n  bulk wave experiments by 

Warren et  al. (1971). 

an estimarted 10 t o  20 monolayers of H20 can be adsorbed onto glass and 

It i s  w e l l  known from adsorption s tudies  t h a t  

s i l i c a t e  surfaces when exposed t o  the  atmosphere. On the  basis of these 

results and other considerations, it is believed that the  trapping of 

water molecules i n  the  microfractures i s  an important fac tor  i n  decreasing 

the  Q when t h e  lunar  re turn  samples are allowed t o  come i n  contact with 

air. The source f o r  t he  attenuation i s  believed t o  arise from water mole- 

cules col lected i n  the  regions of the f rac ture  t i p s .  During the  passage 

of a sound wave pulse, the r e l a t ive  displacements of opposing f rac ture  

faces can be expected t o  e f fec t ive ly  shorten the  crack depth. This 

motion of the s m a l l  amount of l i q u i d  trapped i n  the  f rac ture  probably 

gives rise t o  losses  due t o  the  viscosi ty  of t he  l iqu id .  

w a s  saturated w i t h  ethanol and then evacuated t o  7 x 10 mm of Hg, t he  

r e l a t ive  amplitude of t h e  Rayleigh waves increased by a fac tor  of 3.75 

as shown i n  Fig. kb. 

e f fec t  of f i l l i n g  of the microfractures on the  r e l a t i v e  Q of the sample. 

These more qua l i ta t ive  s tudies  of r e l a t i v e  changes i n  Q-fector were 

followed by quant i ta t ive measurements of the absolute Q-factor by the  

vibrat ing bar technique, as described belov. 

IJhen our sample 

-8 

This ra ther  subs tan t ia l  change dramcztizes the  

--.- 5.. 



12 

B. Summary of Experimental. Results: 

Absolute Q measurements were p e r f o m d  by the vibrating bar technique 

’ on a 2 cm.long bar  cut from rock 14310, a recrystal l ized basa l t  (Ridley 

-* et a1 ’ 1972). The results ase presented i n  Table 111. 

Table I11 

Environmental 
Description Absolute Q Factor 

Water Vapor 10 

Laboratory A i r  (humid-dry day) 50 - 90 

. 5 x mm Hg 150 

65 

-18OOC and 5 x mm H g  800 (highest achieved) 

Terrestrial Rock i n  lab air  

I n  the vibrat ing bar technique, t h e  sample ( typical ly  2 cm long, 
2 - 3 mm th i ck )  i s  held i n  the center by two needle point s e t  screws 
and i s  vibrated i n  the  longitudinal mode a t  i t s  resonawe f u d m e n t a l  
by a magnetic drive. The transducers a re  small soft-iron buttons 
bonded on each end, one as t ransmit ter  the other SLS receiver. Because 
of the  small separation between the  co i l s  o f  the magnetic &rives, 
extensive shielding with p -me ta l  is  necessary t o  reduce beckground 
due t o  d i r ec t  coupling. The sample mount and n q p e t i e  drivers a re  
mounted on a platfcrm i n  a b e l l  jar and can 3e cooled or  heated as 
necessary, t he  temperature being monitored with a thenocouple i n  contact 
with one of the s e t  screws holding t h e  sample. I n  Fig. 5 i s  shorn a 
sample plot  of data of the frequency response with Q estimated from 
the  half  width of t he  resonance curve of Q 70 at STP and Q W 700 at 
T -1.80~~ and P = 6 x mm of h‘g. 

C. Discussion: 

The vibrat ing bar technique w a s  used to shed more l i g h t  on the  in- 

fluence of w a t e r  vapor on absolute Q of lunar rock (Paadit and Tozer, 

1970). Sample 14310 w a s  exposed t o  hot water vapors as the Q w a s  being 

monitored and found t o  diminish drast ical ly .  Exposure t o  hot water vagors fcr 

about 30 seconds lowered the Q from a Q 90 t o  about QX10. Longer exposures 

rendered the Q so low it w a s  unmeasurable. Repea%ed eqeriments  confirned the  
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conclusion t h a t  the  lunar rocks we studied are qui te  permeable, adsorb 

,H20 at a rapid rate, and as a result change their  Q dras t ica l ly .  Figure 6 

shows t h e  e f f e c t  of exposure t o  water vapor on the  frequency response 

curve of 14310. 

In  a similar manner t h e  vibrat ing bar technique w a s  used t o  monitor 

mm 

A t  room temperature t h e  Q w a s  found t o  increase t o  values i n  the 

. 
t he  absolute Q as t h e  sample was exposed t o  a hard vacuum of 5 x 

of Hg. 

range Q -130 - 150. 

t h a t  t h i s  increase i n  Q i s  probably a t t r ibu tab le  t o  the  removal of adsorbed 

water molecules from the  microfractures. 

Adsorption s tudies  of H20 on s i l i c a t e s  suggest 

The above experiment w a s  extended by lowering the  temperature of t he  

sample while i n  the  hard vacuum. This w a s  accomplished by c i rcu la t ing  

cold N2 gas through a Cu tube coi led around and soldered onto the  sample 

holder platform. 

be obtained. 

with the  highest values Q 

of 6 x lom8 mm of Hg. 

what on such fac tors  as the  lowest equilibrium temperature achieved COD- 

comitant w i t h  the hardness of t he  vacuum, the  qua1ii;y of t he  trw-sducer 

bond, Ewnd t he  nearness of t he  sample holding s e t  screws t o  the  i d e a l  nodal 

point. 

cross section. Therefore the  higher Q values we probably closer t o  t h e  

real Q and it i s  f e l t  t h a t  optimization of a l l  t h e  parmeters  could achieve 

even higher values. The de ta i led  mechanism'for t he  increese in  Q with 

In  t h i s  way samgle temperatures down t o  -1.85OC could 

The Q w a s  found t o  increase with decreasing temperature 

400 - 800 found near T sz -180°C a t  a vacuum 

The highest Q value achieved appears t o  depend some- 

The sample i tself  w a s  not ideal i n  shape ha-ring a ra ther  nonuniform 

decrease i n  temperature is not understood at t h i s  t i m e .  Hoxever, since 

the  sample i s  allowed t o  be outgassed at 1 x m of If& f o r  a considerable 



amount of t i m e  t h e  mechanism probably has l i t t l e  t o  do w i t h  t he  freezing 

'of adsorbed water molecules. The well known mechanism f o r  damping by 

- Coulollib f r i c t ion  between adjacent grains i s  not l i ke ly  t o  give rise t o  

any strong temperature dependent effect .  A thermally activated relax- 

at ion mechanism skems t o  be the  most probable source of damping. 

detai led s tudies  of the  temperature and frequency dependence should 

reveal t h e  source and nature of t h i s  mechanism. 

If 'so, 

IV. Summary Discussion 

The observations described above leave l i t t l e  doubt t h a t  the  

presence of microfractures influence both the  velocity and Q-factor 

values of lunar  rocks. Velocity data but especially Q data appear t o  

be fnflEenced by t h e  high degree of contamination by t e r r e s t r i a l  

atmosphere, emphasized because cf the permeability of the lunar rocks. 

Water vapor especially appears t o  affect  Q values dras t ica l ly .  The I l i g h  

Q values observed at  temperatures near T =--18ooc suggest t he  action of 

some unknown mechanism for the  damping observed i n  messurelnents at stan- 

dard temperature and pressure i n  ear th ' s  environment which are apparently 

not present on the  moon. 

laboratory experiments on t e r r e s t r i a l  rocks suggest strongly t h a t  Q- 

factors  are ind.ependent of frequency up t o  the  regime of Rayleigh scat- 

tering. 

t h a t  the present Q measurements at frequencies below 100 kEz were made 

and interpreted.  

match those deduced from the  seismic experiments but, does approach the 

low end of the range of seismic Q. 

Correlations between data of seismic and 

It is  with t h i s  basic premise not yet  proven for lunar rocks 

O u r  highest observed Q value of Q % 800 s t i l l  does not 



3.5 

With Rayleigh veloci ty  iiata obtained on real lunar rocks and sy-n- 

. t h e t i c  analogues 

These ve loc i t ies  

we now have a broad range of velocity data  available. 

cover about one order of magnitude from v -0.3 km/sec R 

t o  vR - 2.2 km/sec and appear t o  represent the  e n t i r e  range fromhighly 

fractured t o  esserkial ly  non-fractured rocks. These ve loc i t ies  have a l l  

been obtained a t  zero confining pressure and are therefore representative 

of the  more so l id  material  i n  t h e  upper few kilometers of t he  lunar surface. 

I n  v i e w  of t h i s  spread i n  ve loc i t ies  it i s  perhaps not surprising t h a t  

seismic experiments executed i n  t h i s  layer  show a high degree of scat- 

t e r ing  i n  the  data. 

Acknowledgment 

The authors are indebted t o  Prof. John A .  Bastin fo r  t he  loan of 

rock 12063.96, t o  Leroy H. Hacket f o r  the  work with the  scanning 

electron microscope, and t o  G. Garmong f o r  t he  temperature cycling 

of the synthetic rock. The authors are  grateful  t o  G. A. Alers, 0. Buck, 

It. J. Graham, T. C. Lim,  E. A. Kraut, T. Smith, and R. B. Thompson, E. Warren 

for helpful discussion and suggestions. This work w a s  supported i n  par t  

by NASA contract NASY-11542. 



References 

Anderson 0. L., Scholz C.,  Soga N., Warren N . ,  and Schreiber E. (1970). 

Elas t ic  properties of a micro-breccia, igneous rock and lunar f ines  

Apollo 11 mission. Proc. Apollo 11 Lunar Sci. Conf., Geochim. Cosmochim. 

Acta Suppl. 1, Vol. 3, pp. 1959-1973, Pergamon. 

Baldridge W. Scott  and Simmons Gene (1971). Thermal Expansion of Lunar Rocks. 

Proc. Second Lunar Sci. Conf., Geochim. Cosmochim. Acta Suppf. 2,  Vol. 3, 

pp. 2317-2321, MIT Press. 

Daniel M. R. and De  Klerk J. (1970). An Apparatus f o r  Measuring the  Velocity 

and berm Flow Direction of Ultrasonic Surface Waves, Rev. of Sci. Ins t r .  

Vol. 41, pp. 1463-1465. 

Duncan A. R. ,  Lindstrom M. M . ,  Lindstrom D. J., McKay S. M.,  Stoeser J. W . ,  

Goles G. G.,  and Fruchter J. S. (1972) Comments on the  Genesis of Breccia 

14321 (Abstract). In  Lunar Science - I11 (edi tor  C. Watkins) pp. 192-194, 

Lunar Science I n s t i t u t e  Contr. No. 88. 

Grieve R. , McKay G. , Smith H. , and Weill D. (1972). 

of Polymict Breccia 14321 (Abstract). 

pp. 338-340, Lunar Science I n s t i t u t e  Contr. No. 88. 

Mineralogy and Petrology 

In  Lunar Science - I11 (ed i tor  C. Watkins) 

Kananori E., Mizutani E . ,  and IIamano (1971). 

Apollo 12 rocks at high pressures. Proc. Second Lunar Sci. Conf. Geochim. 

Cosmochim. Acta Suppl. 2,  Vol. 3, pp. 2323-2326,mT Press. 

E la s t i c  wave ve loc i t ies  of 

Kanmori H.,  N u r  A , ,  Chung D., Wones D., and Simmons G. (1970). E las t ic  

wave ve loc i t ies  of lunar samples at high pressures and t h e i r  geophysical 

implications. Science 167, 726 - 728. 



LSPET (Lunar Sample Preliminary Examination Team) Preliminary examination of 

the lunar SagIPles from Apollo 1 4 ,  Science 173, 681-693. 

ISPET (Lunar Sample Preliminary Examination Team) Preliminary e x a n a t i o n  of 

the lunas samples from Apollo 15, Science, i n  press. 

Ridley W. I. , W i l l i a m s  Richard J. , B r e t t  Robin and Takeda Hiroshi (1972). 

Petrology of Lunar B a s a l t  14310 (Abstract). 

C. Watkins) , pp. 648-650, Lunar Science I n s t i t u t e  Contr. No. 88. 

In  Lunar Science - 111 ( ed i to r  

Mason W. P. (1958). Physical Acoustics and the  Property of Solids,  D. Van 

Nostrand Cs. , Inc. , Princeton, New Jersey, pp. 12-22. 

Pandit B. I and Tozer D. C. (1970). Anomlaus propagation of e l a s t i c  energy 

within the  moon. Nature 226, p. 335 

Sehreiber E. , Anderson 0. L. , Soga N.,  Warren N. , and Scholz C. (1970). 

Sound veloci ty  and comsresibil i ty for lunar rocks 17 and 46 and f o r  glass  

spheres f romthe  lunar s o i l .  Science 167, pp. 732-734 

Swann G. A . ,  Bailey N .  G . ,  Batson R. M., Eggleton R. E. , H a i t  14. H. , Holt H. E. , 
Laxson K. B..McEwen M. C. , Mitchell E. D. , Schaber G. G. , Schafer J. P., 

Shepard A. B. ,  Sutton R. L. , Trask N .  J . ,  Ulrich G. E . ,  Wilshire, H. G. and 

Wolfe E. W. (1971). Preliminary Geologic Inirestigations of t he  Apollo 1 4  

Landing S i t e .  Sec. 3 of Apollo 1 4  Preliminary Sci. Report , NASA SP-272 pp. 39-65 9 

Swann G. A. , Hait M. H. , Schaber G. G. , Freeman V. L. , Ulrich G. E. Walfe 

E. W. , Reed V. SI, and Sxtton R. L. (1971). Preliminary Descriptions of 

Apollo 15  Sauiplc Environments, U. S. Geological Survey, Interagency Report 36 , 

pp. 185-203. 



Tittnann B. R. (1971). A Technique f o r  Precision Measurements of E la s t i c  

Surface Wave Properties on Arbitrary Materials, Rev. of Sei. Instr .  V o l .  42, 

pp. 1136-1142 

Tittmann B. R. , Abdel-Gawad M. , and Housley R. 14. (1972). Rayleigh Wave 

Studies of Lunar  and Synthetic Rocks (Abstract) In Lunar Science - I11 
{edi tor  C. Watkins), pp. 755-757, Lunar  Science I n s t i t u t e  Contr. No. 88. 

Tittmann B, R. ,  and Housley R. M. (1971). Surface e l a s t i c  wave propagation 

s tudies  i n  lunar rocks. Proc. Second Lunar  Sci .  Conf. Geochim. Cosmochim. 

Acta Suppl. 2, V o l .  3, pp. 2337-2343, MIT Press. 

Wang W . ,  Todd T., Weidner D. ,  and Simmons G. (1971) 

Apollo 12 rocks. Proc. Second Lunar Sci.  Conf. Geochim. Cosmochim. Acta 

Elas t ic  properties of 

Wang W., Todd T. , Simmons G . ,  and Baldridge S. (1972). 

Velocit ies and Thermal Expansion of L u n a r  and Earth Rocks (Abstract). 

In  Lunar Science - 111 ( ed i to r  C. Watkins) 

I n s t i t u t e  Contr. No. 88. 

Elas t ic  Wave 

pp. 776-778, Lunar Science 

Warner J. (1972). Apollo 1 4  Breccias : Metamorphic or igin ar,d c lass i f ica t ion  

(Abstract). 

Science I n s t i t u t e  Contr. No.  88. 

I n  Lunar Science - I11 ( ed i to r  C. Watkins) pp. 782-784, Lunar 

Warren N . ,  Schreiber E.,  Scholz C . ,  Morrison J. A , ,  Norton P. R . ,  Kumazawa M., 

and Anderson 0. L. (1971). Elas t i c  m d  Thermal Properties of P-pollo 11 and 

Apollo 12 Rocks. Proc. Second Lunar Sci. Conf. Geochim. Cosmochim. Acta 



Figure Captions 

Fig. 1 Sample data  of change i n  signal a r r i v a l  t i m e  as a function 

of t h e  transducer separation f o r  rocks 14310, 15555, and a 

synthetic analogue of lunar rock 10017. The data w e r e  ob- 

tained by t he  impulse technique (Tittmann, 1971). 

ciprocal of the  slope gives the Rayleigh wave group 

The re- 

t 

velocity. 

Plot of Rayleigh wave veloci ty  v as a function of angle 8 R Fig .  2 

between the  direction of sound propagation and an edge of 

the sample chosen as arb i t ra ry  reference direction. The 

data  were obtained f o r  two opposite faces ( so l id  l i n e  - 
face 1; dashed l i n e  - face 2)  of rock 12063.96 (a  cube of 

about 2 cm on edge) for several  different  separations d 

between transmitter T and receiver R. 

Fig. 3 Scanning electron bean micrographs of  rock surfaces ex- 

h ib i t ing  microfractures. (a )  and (b) face 1 of rock i2063.96 

( c )  same as i n  (a)  but enlarged 10 times. (d)  synthetic rock 

lunar analogue 10017. ( e )  and ( f )  rock 15555. 

Fig. 4 Rayleigh wave velocity and r e l a t ive  amplitude as a function 

r>f ambient gas pressure f o r  rock 12063.96 ( in  the  direction 

0 = l oo  on face 1) s t a r t i ng  with the  sample f u l l y  saturated 

with ethanol at atmospheric pressure and ending at about 

5 x m of Hg. 

Fig. 5 Data plot  of amplitude of vibration of a bar  of rock 14310 

as a function 3f frequency near resonance at  STP. The bar  

i s  driven i n  the  free-free mode of compressional waves. 



Fig* 6 Curves of amplitude of vibration as a function of frequency 

for rock 14310 i n  a series of oscilloscope t races  showing 

from l e f t  t o  r igh t  how the  Q diminishes t h e  longer the bar  

I s  exposed t o  hot water vapors. 
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